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ABSTRACT: MO6-DFT computations have been applied to understand four catalytic systems which involved [Ru(Cp*)-
(MeCN);]PF4 or [Ru(Tp)(PPh;)(MeCN),]PFy as mediator and ortho-alkenylarylacetylene, terminal alkyne, and methanol as
reactants. Potentially, the products of these systems could be dihydrobiphenylenes, 1,3-dienyl ether, and naphthalene.
Remarkably, each system afforded product selectively. Our computed mechanisms successfully account for the chemo- and
regioselectivities of these systems. Furthermore, the study demonstrates that the chameleon-like mono(carbene) intermediates
formed via the intermolecular alkyne—alkyne oxidative coupling play a crucial role to complete the reactions. According to their
geometric and electronic structures, three resonance structures were introduced to characterize their reactivity properties, which
address the features of the classical alkyne—alkyne oxidative coupling intermediates, mono(carbene) species, and electrophilicity
of the intermediates, respectively. The reactivity properties lead to three channels isomerizing the intermediates to three isomers.
Surprisingly, the bis(carbene) isomers, which are similar to the bis(carbene) intermediates generally considered to be crucial in
the neutral RuCp*Cl-catalyzed systems, are accessible but not reactive enough to continue the subsequent reaction steps partially
due to aromaticity. The other two isomers continue subsequent reaction steps. These findings may help not only to understand
the four specific catalytic reactions but also to advance the [2 + 2 + 2] synthetic methodology.

© Supporting Information

1. INTRODUCTION Previously, the synthesis of biphenylenes mainly relied on ring-
closure reactions, where the cyclobutadiene ring is formed
either by dimerization of benzynes or by coupling reactions.®
On the basis of the [2 + 2 + 2] cycloaddition methodology,9
Saa, Esteruelas, and co-workers recently developed a novel
route to synthesize dihydrobiphenylenes (egs 1 and 2).'° They
reported that, under the catalytic influence of the [Ru(Cp*)-
(MeCN),]PF, complex Rul,'! ortho-alkenylarylacetylene 1a under-

Transition metal (TM)-catalyzed cycloaddition is an effective
synthetic methodology to construct carbo- and heterocycles,’
among which [2 + 2 + 2] cycloaddition produces hexacycles.”
Since Reppe et al’s seminal report of TM-catalyzed cyclo-
trimerization of alkynes to synthesize benzene derivatives,®
various [2 + 2 + 2] cycloaddition reactions have been
developed.”™ The substrates range alkynes, diynes, alkenes,

imines, isocyanates, and isothiocyanates; the catalysts cover Co, went [2 + 2 + 2] dimerization to afford 1b (eq 1, system 1), but
Ru, Rh, Ir, Ni, Pd, Mn, Cr, Fe, Zr, Nb, and Ta-based complexes; in the presence of terminal alkyne 2a, 1a preferentially reacted
and the products include benzenes, pyridines, pyridones, with 2a via [2 + 2 + 2] cocyclization to give dihydrobi-
pyrones, and other six-membered cycles. Moreover, these phenylene 2b (eq 2, system 2). For the description convenience,
reactions tolerate functional groups such as alcohols, amines, we herein and hereafter use eq X and system Y (X, Y = 1-4) to
alkenes, ethers, esters, halogens, and nitriles.
Biphenylene and its derivatives are useful building units in Received: June 23, 2014
chemical synthesis and in making functionalized organic materials.” Published: September 15, 2014
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define a specific reaction channel occurring in a catalytic
system. Equation 1 reaction could potentially occur in system 2
(i.e., dimerization versus cocyclization), but the two systems
had perfect chemo- and regioselectivity to produce single
product. In addition, the dimerization of 1a and cocyclization of
1a and 2a could also give the regioisomers (1b—r and 2b—r),
respectively, but system 1 and 2 selectively gave 1b and 2b,
respectively. The reactions were run in methanol solvent, but
Dixneuf, Beller, and co-workers have found that the same Rul
complex promoted the reaction of terminal alkynes (e.g, 2a)
and methanol readily to give 1,3-dienyl ethers (e.g,, 3b) within
several minutes at room temperature (eq 3, system 3)."
Because 1a in system 1 and 2 bears a terminal alkyne group and
2a presented in system 2, it is surprising that such a facile
reaction channel (neither eq 3 nor eq 3-like) did not take place
in system 1 and 2. Intramolecular cyclization of 1a to give naph-
thalene is thermodynamically favorable because of the
aromatization effect. Liu and co-workers have realized this
process by using [Ru(Tp)(PPh3) (MeCN),]PF,"? complex Ru2
(eq 4, system 4)."* However, the aromatization of 1a did not
operate in systems 1 and 2, and conversely, eq 1 reaction did
not take place in system 4. Intrigued by the chemo- and
regioselectivity chemistries involved in these notable catalytic
systems, as well as their catalytic mechanisms, we performed a
comparative mechanistic study on the four reactions," aiming
at resolving these puzzles. In addition to successfully ration-
alizing the experimental products/observations, we character-
ized an unusual intermediate involved in system 2 or 3, which
plays a crucial role to gear the reaction to the channel leading to
the experimental product.

2. COMPUTATIONAL METHODS

All calculations were carried out with Gaussian 09 at the M06'” level
of density functional theory, which was developed by Truhlar group to
target organometallic systems.'”~"® With the use of actual catalysts and
substrates rather than truncated models, geometry optimizations and
frequency calculations were performed at the M06/BS1 level in the gas
phase, BS1 designating a mixed basis set of SDD** for Ru and
6-31G(d) for other atoms. Frequency analysis outcomes were
examined to confirm the optimized structures as minima (no
imaginary frequency) or transition states (only one imaginary
frequency). With the use of the M06/BS1 optimized geometries, the
energetic results were then improved by MO06/BS2 single-point
calculations with the solvent effects accounted by SMD?' solvent
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model, using experimentally used solvents shown in eq 1—4. BS2
denotes a mixed basis set of SDD for Ru and 6-311++G(d,p) for other
atoms. The M06/BS1 frequencies were used for thermal corrections to
the M06/BS2 single-point energies, giving enthalpies and free energies
at 298.15 K and 1 atm. Natural bond orbital (NBO) analyses were
performed at the M06/BS2 level on selected structures. Free energies
(in kcal/mol) obtained from the M06/BS2 single-point calculations
were discussed, and enthalpies (in kcal/mol) were given for reference.
For clarity, the charge state of these monocationic reactions is not shown in
some Figures and Schemes. Additional computational results, total
energies, and Cartesian coordinates of the optimized structures are
given in Supporting Information.

3. RESULTS AND DISCUSSION

The study aims at gaining insight into the catalytic mechanisms
of the four reactions (eq 1—4), on which we disclose the origins
of the chemo- and regioselectivities involved in these catalytic
systems. To reach the goal, we organize the sections as follow.
In Section 3.1, we unveil the mechanisms of Rul-mediated
[2 + 2 + 2] cycloadditions, including the dimerization of 1la
(eq 1) and the cocyclization of 1a and 2a (eq 2). According to
the mechanisms, we elucidate the chemoselectivity (dimeriza-
tion vs cocyclization) and the regioselectivities (1b vs 1b—r and
2b vs 2b—r), and reactivities of three other substrates, among
which two were experimentally found ineffective to run the
reactions (vide infra). Section 3.2 discloses the mechanism of
eq 3, according to which we rationalize why eq 3 did not
operate in system 1 and 2. On the basis of results in Sections
3.1 and 3.2, in Section 3.3, we introduce three resonance struc-
tures to characterize the reactivity properties of an important
intermediate involved in eq 2 and 3, respectively, and to deeply
understand the crucial role of the intermediate in the two
reactions. Section 3.4 reports the aromatization mechanism of
la mediated by Ru2 complex (eq 4), which enables us to
understand why the thermodynamically favorable aromatization
process did not operate in systems 1 and 2 and eq 1 did not
occur in system 4.

3.1. Mechanisms, Regio- and Chemoselectivity for [2 +
2 + 2] Cycloadditions between ortho-Alkenylarylacety-
lenes and Alkynes. The Rul complex [Ru(Cp*)(MeCN),]-
PF4 was applied to perform eq 1—3 reactions. The anionic PF4~
component in Rul is a spectator and plays no essential role in
catalysis. Following the convention,”* we only considered the
cationic [Ru(Cp*)(MeCN);]* (lcat) species in mechanistic
computations. Experimentally, Sa3, Esteruelas, and co-workers ob-
served 2cat by NMR spectrum at low temperature (Scheme 1)."°

Scheme 1
- T
s
MeC N,

MeCNwRu %‘ Ru

/ NCMe \\/ %
MeCN 2 MeCN
1cat 2cat

Supportively , the transformation of lcat + la — 2cat +
2*L(MeCN) was computed to be exergonic by 9.7 kcal/mol
and the formations of other species are thermodynamically less
favorable. Thus, we considered 1cat to be a catalyst precursor
and used 2cat as the actual catalyst to compute the catalytic
mechanisms.
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Scheme 2. Possible Pathways for 2cat-Catalyzed [2 + 2 + 2] Cocyclization of 1a and 2a Leading to Product 2b
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3.1.1. Mechanisms. Saa, Esteruelas, and co-workers have
shown that the system 2 prefers the cocyclization of 1a and 2a
to produce 2b (eq 2), according to which, Scheme 2 sketches
the possible pathways leading 1a + 2a to 2b.*7%''">3 After
replacing a labile MeCN ligand with 2a in 2cat to generate a Ru
m-complex IM1, an oxidative coupling takes place. Depending
on which two unsaturated groups couple first, three coupling
modes are possible, namely, intermolecular alkyne—alkyne
(CMA), intermolecular alkyne—alkene (CMB), and intra-
molecular alkyne—alkene (CMC) modes, respectively. Sub-
sequent to the oxidative coupling, migratory insertion of the
third unsaturated bond and reductive elimination proceed
sequentially, finally affording the product 2b. The migratory
insertion can take place via either distal- or proximal-insertion.
In mechanistic calculations, we took all the possible routes into
consideration.

Figure 1 illustrates the catalytic mechanism for eq 2, and the
optimized structures of key stationary points labeled in Figure 1
are displayed in Figure 2. The substitution of 2a for a MeCN
ligand in 2cat resulting in an 18¢ Ru complex IM1 is ender-
gonic by 6.8 kcal/mol, explaining why 2cat rather than IM1
could be observed at low temperature. Among the three
coupling modes in Scheme 2, the intermolecular alkyne—
alkyene oxidative coupling (CMA) is superior to others; TSI is
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3.5 and 28.5 kcal/mol lower than TS6 for CMB and TS7 for
CMC couplings, respectively. Therefore, we first focused on the
Path 1A initiated by CMA coupling. Relative to 2cat + 2a, the
head-to-head oxidative coupling overcomes a barrier of
16.1 kecal/mol (TS1) and is exergonic by 1.6 kcal/mol. The
resultant IM2 complex features somewhat Fischer Ru-carbene
character, as manifested by the length of the formal Ru=C"
double bond (1.952 A) and the NBO charge on C' (Q =
0.282¢). We will deeply discuss the reactivity properties of IM2
in Section 3.3. The oxidative couple promotes C*—C* bond
formation, as described by the gradually shortened C*--C>
distance, from 2.715 in IM1 to 2.041 in TSI to 1.483 A in IM2.
Subsequently, IM2 bifurcates, leading to Paths 1A1 and 1A2,
respectively. IM2 has a NBO charge population of C' = 0.282,
C* = 0.020, C° = —0.167, and C® = —0.305e. The population
suggests that the alkene distal-insertion of C*=C® to Ru—C'
forming Ru—C® and C'—C® bonds would be preferred over the
proximal-insertion of C*=C® to Ru—C* forming Ru—C°® and
C*—C® bonds. The preferred insertion only crosses a barrier of
0.1 kcal/mol (TS2), transforming IM2 to IM3 with releasing
24.0 kcal/mol of energy. We attempted to locate a TS for IM2
isomerization via intramolecular proximal-insertion, but all
optimizations repeatedly converged to TS2 for distal-insertion.
In IM3, the C*—C® bond is not formed and a reductive elimination
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Figure 1. Free energy profiles for the 2cat-catalyzed [2 + 2 + 2] cocyclization of 1a and 2a to give 2b. Energies are relative to 2cat + 2a and are mass

balanced.

process (TS3) promotes the bond formation, which is depicted
by the gradually shortened C*--C® distance from 2.376 in IM3
to 1.968 in TS3 to 1.528 A in IM4. The reductive elimination is
feasible both kinetically and thermodynamically, crossing a
barrier of 6.6 kcal/mol (TS3) and being exergonic by 6.7 keal /mol.
The reduction transfers IM3 to IM4 with the tricyclic product 2b
formed. IM4 is a 7*coordination complex with the (RuCp*)*
moiety coordinated to the two C=C double bonds of 2b; thus, 2b
can be liberated without breaking a covalent bond, under the
influence of solvent and substrate.'® The generation of 2cat +
2b from IM#4 via association with 1la + MeCN ligand is further
exergonic by 4.2 kcal/mol.

The [2 + 2 + 2] cycloadditions mediated by neutral
RuCp*CI(COD) complex have been the subjects of exper-
imental and computational studies,”* showing that a bis-
(carbene) species is a crucial intermediate involved in these
reactions. In Section 3.3, we will show that IM2 is not a
bis(carbene) species. By breaking Ru—C? bond via TS4, IM2
can easily isomerize to IMS which features bis(carbene)
characteristics. Interestingly, this process is very feasible with
a barrier of only 3.9 kcal/mol (TS4) and an exergonicity of
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14.5 kcal/mol, but still less favorable than the IM2 — TS2 —
IM3 isomerization in terms of both kinetics and thermo-
dynamics. Subsequent to IMS formation, the proximal-insertion
of C°>=C® 7 bond to Ru—C* via TSS needs to surmount a
prohibitively high barrier (53.6 kcal/mol relative to IMS)
mainly due to introducing a 4-ring in the TS, excluding this
pathway. Note that IM6 led by TSS can also result in product
2b via reductive elimination. In IMS, the distal-insertion of
C°=C? into Ru—C" bond was also examined, but the relevant
TS and intermediate could not be located. The loss of reactivity
of IMS in the present cationic system is different from the
[2 + 2 + 2] cycloaddition catalyzed by neutral RuCp*CI(COD)
catalyst, where an IMS-like bis(carbene) is a key intermediate to
continue subsequent reaction steps (see Section 3.3 for more
discussion).>*

It is interesting that IM2 prefers the distal-insertion of
C°=C?® to Ru—C!, while IM5 favors the proximal-insertion of
C’=C® to Ru—C* which we attribute to the overall con-
tribution of the following factors: (i) Because the Ru—C? bond
in the ruffled ruthenapentacycle of IM2 can break easily to
release the strain, the distal-insertion can proceed by bilateral

dx.doi.org/10.1021/jo501399x | J. Org. Chem. 2014, 79, 9046—9064
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Figure 2. Key structures for 2cat-catalyzed intermolecular [2 + 2 + 2] cycloaddition of 1a and 2a, with selected bond distances given in angstroms

(A). H atoms in the Cp* ligand are omitted for clarity.

migrations of C*=C® and Ru—C!. In contrast, the
ruthenapentacycle in IMS is a rigid planar S-ring; thus, the
distal-insertion of C*=C® to Ru—C' mainly relies on the
unilateral migration of C’=C?® to Ru—C!, but the migration is
restrained by the chelated tail. (ii) As mentioned above, the
electrostatic attraction in IM2 favors distal-insertion to form
C®—C' bond over the proximal-insertion to C*—C* bond, while
such a preference in IMS is not significant because C' and C*
are almost equally positively charged (C' = 0.119¢ and C* =
0.138¢). (iii) The C*-C* and C°--C! distances in IMS are
2.630 and 3.025 A, respectively, favoring proximal-insertion to
form C>—C* bond, while the two distances in IM2 are 2.627
and 2.630 A, respectively, without preferring to form one bond
over another. Because all the TSs and intermediates in Path
1A1 are below TS6 and IM7 in Path 1B and TS7 and IMS8 in
Path 1C, we ruled out the two pathways led by the two (CMB
and CMC) coupling modes.

3.1.2. Origins for Mechanistic Preference and Regiose-
lectivity. Among the three coupling pathways (Path 1A—1C in
Figure 1), Path 1Al is most favorable. To understand the
preference, Figure 3 contrasts the optimized structures of TS1
and TS6. The coupling via TS1 forms the C*~C* bond where
C? and C® only bear one H atom, respectively, while the
coupling via TS6 forms the C'—C® bond where C° bears two H
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atoms and C' bears a large Ph group. Obviously, the steric
hindrance between two (C°-)H atoms and (C'-)Ph in TS6 is
severer than that between two H atoms on the forming C*—C>
bond in TS1, as reflected by the significant c’H repulsion
marked at 2.476 A, which is shorter than the sum (2.9 A) of van
der Walls radii of C and H (R** = 1.7 A and R™™ = 12 A).
As a consequence of steric hindrance, the benzene ring and
C'=C? 7 bond of 2a part in TS6 are distorted from the planar
arrangement (£C*—C'—C’—C?® = 77.2° in TS6) for optimal 7-
conjugation, while the two parts in TS1 tends to be in the same
plane (£C*~C'-=C’—C® = 26.6°). Thus, TS1 benefits from
larger 7 conjugation effect than TS6. Although the H---H steric
hindrances marked at 2.278 and 2.328 A in TSI are absent in
TS6, the favoring effect for TS6 is not large enough to com-
pensate the disfavoring effects for TS6 caused by the steric
hindrances due to the head-to-tail coupling. Overall, TS1 is
lower than TS6 by 3.5 keal/mol. TS7 (see Supporting Information
Figure S1 for its structure) involves a strained 4-ring, resulting in
much higher TS7 (AG* = 44.6 kcal/mol) than TS1 and TS6.
Of the two possible cocyclization products (2b and its
regioisomer 2b—r), the system 2 selectively produces 2b. To
unveil the origin of the regioselectivity, we computed the three
possible pathways leading to 2b—r, according to the coupling
modes outlined in Scheme 2 (Supporting Information Scheme S1

dx.doi.org/10.1021/jo501399x | J. Org. Chem. 2014, 79, 9046—9064
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Figure 3. Optimized geometries and activation energies for the oxidative coupling TSs TS1/TS6 (leading to 2b) and TS1-r/TS6-r (leading to
2b—r), with selected bond distances given in angstroms (A). Trivial H atoms in Cp* ligand are omitted for clarity.

and S2). Different from the case leading to 2b where CMA
coupling mode is preferred, TS6-r for the CMB coupling mode
was found to be the lowest among the three TSs to give 2b—r
(TS1-r, TS6-r, and TS7-r, which correspond to TS1, TS6, and
TS7, respectively), with a relative energy of 20.2 keal/mol, being
4.1 keal/mol higher than TS1 (Figure 3). The energetic difference
accounts for the experimental regioselectivity of 2b over 2b—r.'**
In the following, we compare the structures of TS1 and TS6-r to
understand the causes for the regioselectivity.

Both TS1 and TS6-r adopt the head-to-head coupling via
intermolecular alkyne—alkyne and alkyne—alkene modes,
respectively. Because the small size of H atom, the difference
of steric effect between one (C?)-H and one (C®)-H in TS1
and that between two (C°)-H atoms and one (C?)-H in TS6-r
is unlikely to be a cause for the higher TS6-r than TSI. In
addition, because the dihedral £C>*—C'—C’—C?in TS1 (26.6°)
is close to that (21.6°) in TS6-r, the 7-conjugation between the
benzene ring and C'=C? 7 bond should not differ much in the
two TSs. However, the shorter H---H distances in TS6-r (2.316
and 1.969 A) than in TS1 (2.278 and 2.328 A) signify that
TS6-r suffers steric hindrance between 2a part and chelated 1a
part more severely than TS1, which could be a major factor for
higher TS6-r than TS1.

As TS1 is lower than TS6 by 3.5 kcal/mol, conversely, TS1-r
is higher than TS6-r by 1.5 kcal/mol. A major contributor for
this could be the steric hindrance between (C3)-H and (C')-Ph
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group in TS1-1, as indicated by the significant H---H and C---H
repulsions marked at 2.351 and 2.534 A. Comparisons of the
steric hindrances in the four TSs (Figure 3) classify them into
two patterns: TS1 and TS6-r share the head-to-head coupling
pattern featuring the sreric hindrances between Ph group of
coupling 2a and the methyl group of Cp* and H atom(s) of
chelated 1a. TS6 and TS1-r shares the head-to-tail coupling
pattern featuring the steric hindrances between the Ph group of
the coupling 2a and the H atom of chelated 1a. Among the two
patterns, the head-to-head coupling pattern (TS1 and TS6-r) is
energetically more favorable than the head-to-tail coupling
pattern (TS6 and TS1-r)."" Similar to TS7, TS7-r for CMC
coupling mode also involves a strained 4-ring, resulting much
higher energy barrier (AG* = 44.8 kcal/mol, Supporting
Information Figure S1).

3.1.3. Chemoselectivity: Dimerization versus Cocycliza-
tion. We have shown that system 2 preferentially undergoes
cocyclization to produce 2b rather than 2b—r. Experimentally,
it has been found that in the absence of 2a the same catalyst
promoted 1a to undergo [2 + 2 + 2] dimerization to produce
1b (eq 1). To understand why eq 1 did not take place in system
2, we computed the pathway for 2cat-catalyzed [2 + 2 + 2]
dimerization of la (see Figure 4 and Supporting Information
Figure S2). Expectedly, the dimerization pathway of 1a in blue
resembles the one in red for cocyclization of la and 2a.
However, all the stationary points in the blue pathway are

dx.doi.org/10.1021/jo501399x | J. Org. Chem. 2014, 79, 9046—9064
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Figure 4. Free energy profiles for 2cat-catalyzed [2 + 2 + 2] dimerization of 1a (blue) and [2 + 2 + 2] cocyclization of 1a with 2a (red). Energies are

relative to 2cat and are mass balanced.

above their counterparts in the red one. For the rate-
determining intermolecular alkyne—alkyne oxidative coupling
step, TS1" is 1.5 kcal/mol higher than TSI, which agrees
qualitatively with the experimental observation that the
dimerization of la (eq 1) was suppressed in system 2. On
the other hand, the ratio (1a:2a = 1:5, experimental condition)
of substrates in system 2 favors the cocyclization of 1a and 2a.
This could be the reason the optimal catalytic condition needed
to use excess 2a to suppress eq 1 in system 2, because the
energetic difference (1.5 kcal/mol) between TS1 and TSI’ is
not large.

The optimized structure of TS1' is displayed in Figure 4. The
difference of TS1’ from TS1 is the substitution of the (C?)-H
atom for a —CH=CH, group in TS1. The substitution causes
steric hindrances between (C'°)-H and C'=C? bonds, as
indicated by the C'+H (2.653 A) and C*-H (2.637 A)
distances shorter than the 2.9 A of R©® + RHY The steric
hindrance prevents minimizing the steric hindrance between
the Ph group of coupling la and the Cp* methyl group/
(=C—-)H atom of the chelated 1a, as reflected by the H--H
distances (2.220 and 2231 A) in TS1’ shorter than those
(2.278 and 2.328 A) in TS1. The steric hindrance also distorts
the £C°—CP~C'’—C"' dihedral angle (16.2°) in free la to
32.5° in TS1'. The distortion results in strain and weakens
7-conjugation, thus destabilizing TS1’. The same effect applies
for the higher IM1’ than IM1 (9.2 vs 6.9 kcal/mol).

3.1.4. Reactivity. Experimentally, it has been reported that
the (Z)-3a substrate was able to perform [2 + 2 + 2] dimerization
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to afford dihydrobiphenylene Sb (eq S), that of (E)-3a was not
effective (eq 6), and that of the internal alkyne Sa delivered no
product (eq 7). To account for the conformation influence

(2)-3a
(2.0 equiv)

[Ru(Cp*)(CH3CN)3]PFg
(10 mol%)
MeOH, r.t

(system 5)

>

7
®)

5b
(55% yield)

[Ru(Cp*)(CH3CN)3]PFg

(10 mol%) Recovered starting material

+ complex mixture

6)
MeOH, r.t
(system 6)

"Bu
FZ [Ru(Cp*)(CH3CN)3]PFs
(10 mol%) . :
Recovered starting material

)
MeOH, r.t
| (system 7)

4a

[ie, (Z) vs (E)] on the reactivity, we based the mechanistic
understanding on eqs 1 and 2 to optimize the two rate-
determining TSs (TS1-Z-3a and TS1-E-3a) for dimerizations
of (Z)-3a and (E)-3a, respectively. The energetic and geometric
results are given in Figure S (see Supporting Information
Figure S4 for more details). The difference between TS1-Z-3a
and TS1' is the replacement of (C'')-H in TS1’ with a methyl
group. Because the methyl group in both coupling and chelated
(Z)-3a in TS1-Z-3a is away from the active site, the methyl
substitution only alters the dimerization barrier slightly to 16.8
from 17.6 kcal/mol of TS1’, indicating the comparable reactivities
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AGT=217

Dihedral angle
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Figure S. Optimized geometries and activation energies for the oxidative coupling TSs (TS1-Z-3a, TS1-E-3a, and TS1-4a) and the H-transfer TS
(TS8-E-3a), with selected bond distances given in angstroms (A). Trivial H atoms in Cp* ligand are omitted for clarity.

of (Z)-3a and 1a. For the dimerization of (E)-3a, the methyl
group of chelated (E)-3a in TS1-E-3a is cis to the Cp* ligand.
Thus, there are enhanced steric hindrances between the
coupling (E)-3a and the chelated (E)-3a/Cp* ligand, as
indicated by the H---H repulsion marked at 2.172 A and C---H
repulsion marked at 2.441 A. The hindrances also distort the
dihedral angle of C*—~C'=C’—C® to 60.0° in the coupling of
(E)-3a, weakening the 7-conjugation between C'=C? 7 bond
and benzene ring. The overall contributions of these disfavoring
effects account for why TS1-E-3a is 4.9 kcal/mol higher than
TS1-Z-3a, thus (E)-3a is less reactive than (Z)-3a to undergo
[2 + 2 + 2] dimerization.

To understand the observed mixture of products of system 6,
we examined the aromatization reaction catalyzed by 2cat. The
formation of Ru-vinylidene complex is the rate-determining
step in aromatization (see Section 3.4 for more details). TS8-E-
3a is the TS to form Ru—vinylidene complex (Supporting
Information Figure S3). Because TS8-E-3a and TS1-E-3a are
not too high and the energetic difference between the two
TSs is small (0.6 kcal/mol), the [2 + 2 + 2] dimerization and
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aromatization could proceed competitively, explaining the
observation of mixed products in system 6. We speculate the
mixture could contain aromatization product (4b-like com-
pound). For (Z)-3a to undergo aromatization, the TS to form the
Ru—vinylidene complex is 4.9 kcal/mol higher than TS1-Z-3a;
thus, aromatization was suppressed in system S (Supporting
Information Figure S4). The structure of TS1—4a in Figure S
accounts for the loss of reactivity of 4a, because of the large
steric hindrance between the bulky "Bu groups. The
dimerization barrier of 4a (AG¥ = 25.0 kcal/mol, TS1—4a)
are substantially higher than the 17.6 kcal/mol (TS1’) and 16.8
kcal/mol of TS1-Z-3a, indicating that 4a is indeed less reactive
than 1a and (Z)-3a in [2 + 2 + 2] dimerization.

3.2.[2 + 2 + 2] Cycloaddition versus Formation of 1,3-
Dienyl Ether.

3.2.1. Mechanism for Equation 3. Dixneuf, Beller, and co-
workers reported that the same complex Rul as used in sys-
tems 1 and 2 could promote the reactions of terminal alkynes
with alcohols easily to produce 1,3-dienyl ethers (eq 3).'”
These reactions could be completed in a few minutes at room
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Scheme 3. Proposed Mechanism for the Formation of 1,3-Dienyl Ether
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Figure 6. Free energy profiles for 1cat-catalyzed synthesis of 1,3-dienyl ether 3b from 2a and methanol. Energies are relative to 1cat and are mass
balanced.

temperature with high yields (up to 96%). Considering the facts Initially, two 2a molecules replace two liable MeCN ligands in
that systems 1 and 2 contained the terminal alkyne substrates Lcat to give an 18¢ Ru z-complex (IM9) at an energetic cost of
(1a and 2a) and used the same Rul as mediator and methanol 6.8 keal/mol (Figure 6). Subsequently, IM9 undergoes head-to-
as solvent, it is surprising that the facile eq 3 or eq 3-like reaction head alkyne oxidative coupling via TS9, leading to IMI0.

did not operate in systems 1 and 2. To solve the puzzle, we first Relative to 1cat, the coupling crosses a barrier of 17.3 kecal/mol
disclose the mechanism for eq 3, according to which, we then and is exergonic by 4.2 kcal/mol. IM10 is similar to IM2 and
understa.nd why. eq 3 did not take place in system§ 1 and 2. features Fischer mono(carbene) characteristics with a Ru=C

Experimentalists have postulated a mechanism for the bond length of 1.916 A and a positively charged C' center (Q =
reaction (Scheme 3), which involves a bis(carbene) inter- 0.315¢). From IM9 to TS9 to IM10, the forming C---C bond
mediate, [RuCp*(NCMe)(2,5-Ar,C,H,)]", formed fr;)zm the distance is gradually shortened from 2.666 to 1.984 to 1.478 A,
head-to-head coupling of two terminal alkynes.”” The confirming the coupling process. We also examined two
intermediate was proposed to feature mixed Fischer- and alternative coupling modes, including head-to-tail coupling,
Schrock-type carbene characteristics. The mechanism was pre- described by TS9-r and the coupling with a MeCN ligand
viously applied for understanding reactions of terminal alkynes dissociated from IM9, depicted by TS27; however, the two

(ArC=CH) with carboxylic acids RCO,H to give dienylesters alternatives are much less favorable and we thus stopped
ArCH=CH—-CH=CH—-OOCR, under the catalytic influence pursuing the alternatives. Subsequently, the resulting IM10
of neutral RuCp*CI(COD) complex.”> Recently, Yamamoto isomerizes to IM11 [a bis(carbene) which will be further
has demonstrated the mechanism computationally.”* discussed in Section 3.3] easily with an energy barrier of
However, the same RuCp*CI(COD) complex is not able to 5.5 kcal/mol and an exergonicity of 11.6 kcal/mol. In the

promote eq 3 reaction, implying that the mechanism for formation of dienylesters from terminal alkynes ArC=CH with
neutral catalytic system may not be applicable to the present carboxylic acids RCO,H, catalyzed by neutral RuCp*Cl(COD)
cationic system. Figures 6 and 7 detail our mechanism for the complex, a proton transfer (H-transfer) from carboxylic group
Icat-catalyzed reaction of 2a with methanol. The optimized to Ru—C? bond was proposed to be a key step,” based on which a
structures of the key stationary points are displayed in Figure 8. H-transfer step from methanol to bis(carbene)-RuCp*(NCMe)*
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Figure 7. Free energy profiles for 1cat-catalyzed synthesis of 1,3-dienyl ether 3b from 2a and methanol. Energies are relative to 1cat and are mass

balanced.

was suggested to account for eq 3. Accordingly, we examined
the energy barrier for transferring methanol hydroxyl H to the
C' (C%) of IM11, leading to IM12, as illustrated by TS11. The
large H-transfer energy barrier (34.8 kcal/mol) appears too
high for eq 3 to take place quickly at room temperature. We
also examined other H-transfer mechanisms depicted by TS12
and TS13. The alternatives need to surmount even higher
energy barriers [52.4 (TS12) and 45.5 kcal/mol (TS13)].
Therefore, we speculated that the H-transfer mechanism for the
reactions of ArC=CH with carboxylic acids in the neutral
RuCp*CI(COD) catalytic system does not apply to eq 3 in
this cationic catalytic system, encouraging us to find new
mechanisms via methanol nucleophilic attack.

First, we examined if the MeCN ligand of IM10 can be
dissociated to generate an intermediate susceptible to methanol
attack, as illustrated by the IM10 — TS14 — IM13 pathway
(Path 2A in blue, Figure 6). Although the dissociation barrier
(TS14) is 7.4 kecal/mol higher than that for TS10, it is sig-
nificantly lower than that for TS11, TS12, and TS13. Fur-
thermore, the resulting bis(carbene) IM13 [see Section 3.3 for
more discussion about the bis(carbene) feature] is lower than
IM11. The energetic result implies a potentially feasible
pathway to lead IM13 + methanol to product 3b. On the
other hand, IM13 has NBO charges of +0.177¢ and +0.173¢ on
the two carbene atoms, which is desirable for methanol nucleo-
philic attack at the carbon atoms. Our computations showed
the methanol nucleophilic attack could take place via crossing a
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barrier of 18.9 kcal/mol (TS1S relative to IM13), resulting in
IM14. The hydroxyl O—H bond in IM14 does not cleave, but
with the aid of Ru center, the hydroxyl H atom can migrate
to another carbene carbon freely. TS16 could be located in
terms of electronic energy, but disappears after corrected by
the solvent effects and thermal corrections. The methanol
nucleophilic attack gives IM1S with (1Z,3E) s-cis-3b moiety
coordinated to (RuCp*)" moiety. The exchange of three
MeCN ligands with 3b in IM15 liberates the (1Z,3E) s-cis-3b
and regenerates 1cat. Then the (1Z,3E) s-cis-3b rotates around
the C—C single bond by crossing a barrier of 4.8 kcal/mol,
giving 3.9 kcal/mol more stable (1Z,3E) s-trans-3b (Supporting
Information Figure SS). Noting that a (1E3E) s-trans-3b
configuration was reported experimentally (see eq 3), we tried
to locate a pathway probably leading to (1E,3E) s-trans-3b, but
were unsuccessful (see Supporting Information Figure S6 for
more analyses). Furthermore, (1E,3E) s-trans-3b is 1.9 kcal/mol
less stable than (1Z,3E) s-trans-3b. We call further experimental
verification of the configuration of 3b. The whole reaction of
2*2a + MeOH — s-trans-3b is exergonic by 40.6 kcal/mol.
Second, we examined the direct methanol nucleophilic attack
to IM10 (without dissociating its MeCN ligand (Path 2B in
blue, Figure 7), because IM10 bears a positive charge of
+0.315¢ on C'. The methanol attack at the electrophilic C'
atom also crosses a low barrier of 13.7 kcal/mol (TS18).
The hydroxyl O—H bond in IM16 led by TS18 does not cleave
and can be broken via two pathways. TS19 describes the O—H
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Figure 8. Key structures for 1cat-catalyzed synthesis of 3b from 2a and methanol, with selected bond distances given in angstroms (A). H atoms in

the Cp* ligand are omitted for clarity.

bond breaking via H-transfer to C* with a barrier of 1.3 kcal/mol,
leading to the more stable IM17 with s-cis-3b coordinated
to (RuCp*L)" moiety. The alternative migrates hydroxyl
H to C* via a Sring TS (TS20), leading to IM18 which
then undergoes 1,2-H-transfer to reach IM17. Expectedly, the
former via TS19 is more favorable than the latter via TS20 by
2.3 kecal/mol, because of the less strained 6-ring TS19 than
the S-ring TS20.

We now compare the favorability of Path 2A and Path 2B
which start from IM13 and IM10, respectively. For Path 2A,
because TS14 is 7.4 kcal/mol higher than TS10, IM10 would
isomerize to IM11 through TS10 preferentially. Subsequently,
the metastable intermediate IM11 transforms to IM13 via
the route (-»TS10 — IM10 — TS14 — IM13). An indirect
support for the roundabout mechanism is that complexes
similar to IM11 in the neutral RuCp*Cl-catalyzed reactions
have been crystallized.”® This could be the reason IM11 was
considered to be the intermediate for methanol H-transfer
giving 3b. Along the roundabout pathway, the effective barrier
for Path 2A should be estimated with respect to IM11, which
gives a 24.5 kcal/mol of effective barrier. Similarly, Path 2B
is estimated to have an effective barrier of 25.3 kcal/mol
(the energetic difference between IM11 and TS18). The small
difference of the effective barriers (0.8 kcal/mol) of the two
pathways indicates the both pathways are possible and they
are competitive. We recall attention to that the mechanism
via directly transferring methanol hydroxyl H to the C% of
IM11, which is similar to the reaction of terminal alkynes
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with carboxylic acids catalyzed by the RuCp*Cl(COD)
complex, is not feasible in this cationic catalytic system. The
mechanistic difference between the two systems can be
attributed to the fact that proton in carboxylic acid is more
acidic than that in methanol.

3.2.2. Origins for Not Producing 1,3-Dienyl Ether in
Systems 1 and 2. After understanding the mechanism for eq 3,
we now find why eq 3 did not occur in systems 1 and 2.
Because eq 1 is less favorable than eq 2 (see Section 3.1), we
only need to consider why eq 3 did not occur in system 2.
Figure 9 compares the energetics of eqs 2 and 3. From Icat to
2cat, replacement of the two MeCN ligands with the chelating
ligand (1a) drives the system down by 9.7 kcal/mol. In con-
trast, the replacement of two MeCN ligands with two 2a
molecules for eq 3 raises the system by 3.9 kcal/mol. Thus, the
initiation step of eq 2 is thermodynamically more favorable
than that of eq 3. Furthermore, TS1 for the intermolecular
alkyne—alkyne oxidative coupling to enable eq 2 ([2 + 2 + 2]
cycloaddition to give 2b) is 8.0 kcal/mol lower than TS9 for
the oxidative coupling to enable eq 3 to produce 3b, kinetically
disfavoring eq 3. In terms of enthalpy, IM1 and TS1 in eq 2
pathway are even slightly higher than their counterparts (IM9
and TS9) in eq 3 pathway. Thus, it is the entropy contribution
that reverses the free energy orders; the chelation of 1a ligand
suffers less entropy penalty than the coordination of two
separate 2a alkyne ligands. It appears that the less entropy of 1a
than two separate 2a plays a key role for the chemoselectivity of
2b over 3b in system 2.
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Figure 9. Free energy profiles for Ru-catalyzed [2 + 2 + 2] cycloaddition of 1a with 2a and pathways leading to 1,3-dienyl ether. Energies are relative

to 2cat and are mass balanced.

As the discussion above excludes eq 3 in system 2, we further
quested if IM2 can promote an eq 3-like reaction in system 2,
and we examined if IM2 is able to react with methanol
via mechanisms described in Figures 6 and 7 to give 3b-like
product. TS22 describes the methanol nucleophilic attack
at IM2. Because the attacked C' (Q = 0.282¢) in IM2 is
less electrophilic than its counterpart C* (Q = 0.315¢) in IM10,
the barrier (19.1 kcal/mol) for the methanol attack at IM2 is
higher than the 13.7 kcal/mol for the attack at IMI10.
The barrier (19.1 kcal/mol) is not high and experimentally
accessible. Nevertheless, TS22 is much higher (19.0 kcal/mol)
than TS2, which turns off the reaction of IM2 with methanol.
The reactions of methanol with IMS and IM19 can also be
singled out, because (i) the TSs (TS4 for forming IMS
and TS23 for IM19) are higher than TS2 and (ii) the resulting
IMS and IMI19 are already higher than TS3 for reductive
elimination.

On the basis of the above discussion, we conclude that
(i) the chemoselectivity of 2b (eq 2) over 3b (eq 3) in system
2 is because the chelation of 1a suffers less entropy penalty
than the coordinations of two separate 2a molecules, and
(ii) the reasons for not producing 3b-like product in system 2
is that the intramolecular distal-alkene migratory insertion
in IM2 and the reductive elimination via TS3 are too facile,
which switches off the reactions of methanol with IM2
and their isomers (IMS and IM19). The conclusion (ii)
applies to system 1 for not producing 3b-like product in
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system 1, because the la dimerizaton (eq 1) has energetics
close to that of the cocyclization of 1a and 2a (see Figure 4).

3.3. Further Discussion on the Role of IM2/IM10
Intermediate in Equation 2/3. TM-catalyzed [2 + 2 + 2]
cycloadditions have been studied extensively.” ® Scheme 4
depicts a general mechanism for this class of reactions, which
involve IMA (a classical alkyne—alkyne oxidative cyclization
intermediate, exemplified by IMA’ and IMA”**") or IMB
[a bis(carbene) intermediate, represented by IMB’]. The
ruthenacyclopentatriene IMB’ formed via alkyne(2a)—
alkyne(2a) oxidative coupling mediated by neutral RuCp*Cl-
(COD) complex was crystallized experimentally.”® Previous
computational studies often suggested that IMB complex is the
key intermediate in the neutral RuCp*Cl-mediated [2 + 2 + 2]
cycloadditions.* Recently, Yamamoto and Severin groups
located IMC or IMC-like species in their computed path-
ways.">>¢ For the [2 + 2 + 2] cycloaddition catalyzed by
cationic Ru catalyst, using truncated substrate (acetylene) and
catalyst ([RuCp(MeCN);]*), Kirchner group reported a
mechanism involving IMB but not IMC.* Our computed
cationic IM2 and IM10 are similar to the neutral IMC but play
much more crucial role to complete the reactions, as discussed
below.

For the purpose of clear comparisons, Scheme 5 extracts the
key results in Sections 3.1 and 3.2, which are relevant to the
discussion below.”” Different from the general mechanism, our
computations confirm that the intermolecular alkyne—alkyne
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Scheme 4. Schematic [2 + 2 + 2] Reaction Mechanism with
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coupling via TS1/TS9 in eq 2/3 directly leads to IM2/IM10
(Figures 1 and 6) rather than either IMA- or IMB-like
intermediates in Scheme 4. It requires passing through a TS
(TS4/TS10) to reach the IMB-like intermediate IMS/IMI11.
The differences between IM2/IM10 and IMS/IM11 are clearly
shown by their geometric differences including (i) the ruthen-
apentacycle in IM2/IM10 is ruffled, while the metallacycle in
IMS/IM11 is planar; (i) IM2/IM10 features a Ru—C* bond
with bond length of 2.229/2.218 A, while no such a bond exists
in IMS5/IM11 (the Ru--C* and Ru--C? distances are longer
than 2.9 A); (iii) the bond length difference of Ru—C' and Ru—
C* in IM2/IM10 (0.105/0.194 A) is larger than that (0.040/
0.006 A) in IMS/IM11. The NBO charges (Scheme SA)
indicate that C' bears larger positive charge than C* in
IM2/IM10, while the two carbon atoms in IMS/IM11 are
almost equally positive charged. The geometries and charge

Scheme S. (A) NBO Charges in IM2/IMS and IM10/IM11; (B and C) Resonance Structures Characterizing IM2/IM10 to Lead
to Three Isomerization Channels, along with Key Bond Distances Given in angstroms (A)
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populations of IM2/IM10 and IM5/IM11 suggest that IM2/
IM10 can be considered as a Fischer carbene-like mono-
(carbene), and IMS/IM11 as a Fischer carbene-like bis-
(carbene).

In the mechanism for the reaction of terminal alkynes
(ArC=CH) with carboxylic acids (RCO,H) to produce
dienylesters, catalyzed by the neutral RuCp*Cl(COD)
complex, IMC (similar to IM2/IM10) isomerizes to IMB’
(similar to IM5/IM11) which reacts with carboxylic acids to
produce dienylester.”> Differently, the pathway directly leading
IM5/IM11 to final product (2b/3b) is not energetically
favorable in the present cationic catalyst system. In the case of
eq 2, the barrier (3.9 kcal/mol) for transformation (IM2 —
TS4 — IMS) is low, but the barrier for intramolecular
proximal-insertion of C>=C® to Ru—C* in IMS5 via TS5 is
prohibitively high (54.1 kcal/mol, see Figure 1). There is a
more favorable pathway to transform IM2 to IM3 via TS2, IM3
then undergoing reductive elimination to produce 2b. In the
case of eq 3, the transformation of IM10 — TS10 — IM11 is
even most favorable, but the reaction barriers of methanol with
IM11 by passing TS11—13 are also high (>34.8 kcal/mol) and
substantially higher than that (ca. 25.0 kcal/mol) for the
predicted favorable pathways (see Figures 6 and 7).

To account for the various reaction channels starting from
IM2/IM10, based on the geometric and electronic structure of
IM2/IM10, we introduce three resonance structures (Re-A,
Re-B, and Re-C, see Scheme 5B,C) to characterize the reac-
tivity properties of the intermediate. The reasonability for the
proposal is supported by the optimized structure of IM2/IM10.
Using IM2 as a representative, we narrate the relevance
between resonance structures and geometry. The Ru—C'
partial double bond (1.952 A) and C*=C* double bond
(1.334 A) are shorter than the Ru—C* single bond (2.057 A)
and C>-C® single bond (1.48 A), respectively; the C'—C?
partial double bond length (1.404 A) is between that of the
C*=C* double bond and that of C*~C? single bond, and the
Ru—C? is a partial single bond with a bond length of 2.229 A
larger than that of Ru—C* single bond (2.057 A). Re-A
addresses the characteristic of the regular alkyne—alkyne
oxidative coupling intermediate (ie, IMA in Scheme 4), Re-B
corresponds to the Fischer mono(carbene) characteristic of
IM2, and Re-C characterizes the electrophilicity of IM2 with a
large positive charge (+0.282¢) on C' center. The properties of
IM2 characterized by the three resonance structures play roles to
gear three reaction channels. Inserting C>=C° in the Ru—C'
through Re-A results in IM3. The cleavage of Ru—C” bond
through Re-B planarizes the ruthenapentacycle, resulting in
bis(carbene) IMS. The transformation turns formal C*—C? and
Ru—C* single and C*=C* double bonds to formal C>*=C> and
Ru=C" double and C*-C* single bonds, but maintains the
formal Ru=C" double bond. The alternations between double
and single bonds are reflected by the changing trends of these
bond lengths from IM2 and IMS (see Scheme SB). The
ruthenapentacycle in IMS contains three formal double bonds
and thus can be considered as an aromatic S-ring, which is
indicated by the somewhat bond equalization; the C'—C? and
C*—C* bonds have lengths (1.423 and 1.428 A, respectively),
which are between those of regular C—C single bond (1.500 in
ethane) and C=C double bond (1.339 A in ethene), and the
C*=C® bond is longer than the regular C=C double bond. The
aromaticity of IMS contributes to the weak reactivity of the
complex, as reflected by the high barrier (54.1 kcal/mol)
between IMS and TSS in Figure 1, in addition to the
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contribution due to the strained 4-ring in TSS. Interestingly,
the breaking of Ru—C® bond can also lead to another
bis(carbene) (IM19). The ruthenapentacycle in IMS is planar
and the newly created C*=C? double bond does not coordinate
to Ru center. Alternatively, the metallacycle can fold, enabling
the newly formed C*=C? double bond to coordinate to Ru
center, which meantime pushes the prior coordinated alkene
(C’=C°) group away to avoid coordinative and electronic
oversaturation on Ru-center, resulting in IM19.

The above discussions on IM2 isomerizations in eq 2 can be
applied to understand the transformations from IM10 to IM11,
IM13, and IM16 in eq 3, respectively, and the reactivities of
these complexes (Scheme SC). IM11 due to Re-B possess an
aromatic ruthenapentacycle; thus, the various H-transfers
from methanol to the aromatic S-ring have high barrier (see
Figure 6). Different from IM19 in which the dissociated alkene
group still exists, the MeCN ligand is completely liberated
during the transformation from IM10 to IM13; however, IM13
is similar to IM19 in terms of electronic structure. Among the
two bis(carbene) species (IMS and IM19, Scheme SB), the
aromatic IMS is 4.8 kcal/mol more stable than the nonaromatic
IM19, while the aromatic IM11 is 3.0 kcal/mol less stable than
the nonaromatic IM13. The latter seems signify a discrepancy
with the aromaticity stabilization effect. However, we call
attention to that the relative energies are estimated in terms of
free energy. The process from IM10 to IM13 dissociates a
MeCN ligand completely, thus benefiting from the entropy
contribution, whereas the transformation from IM10 to IM11
is a unimolecular isomerization without gaining similar entropy
contribution. In terms of enthalpy, IM11 is 9.2 kcal/mol more
stable than IM13 (Figure 6), and the value is compared with
the 7.0 kca/mol difference between IMS and IM19 (Figure 9).
Because IM13 is nonaromatic but still features an electrophilic
center, it is susceptible to methanol nucleophilic attack,
opening a feasible pathway leading to product 3b (Figure 6).
Re-C characterizes the electrophilic property of IM10 itself;
thus, a nucleophile (e.g, methanol as in eq 3) can attack the
electrophilic center (C') with a barrier of 13.7 kcal/mol,
resulting in IM16 which then transforms to 3b (Figure 7). In
agreement with our proposal that the aromaticity contributes to
the weak reactivity of IM11, both IM10 and IM13 that lead to
teasible methanol nucleophilic attack pathways are nonaromatic.
Similarly, IM2 is also susceptible to the methanol nucleophilic
attack via TS22 (Figure 9); the barrier (19.1 kcal/mol) is not
high, but much less competitive with the [2 + 2 + 2]
cycloaddition pathway, as discussed in Section 3.2.

3.4. [2 + 2 + 2] Cycloaddition versus Aromatization.
3.4.1. Aromatization Mechanism for Equation 4 Reaction.
Aromatization of 1a to give naphthalene is thermodynamically
downhill by 54.2 kcal/mol (vide infra). Using a different Ru2
([Ru(Tp)(PPh;)(MeCN),]PFy), Liu et al. have realized the
process (eq 4)."* It has been assumed that the electro-
cyclization of aromatic enynes involved a metal vinylidene
complex.'**® To understand how the different catalysts (1cat
vs 3cat) control the productions of 1b and 4b (cycloaddition vs
aromatization), respectively, we explored various pathways for
the 3cat-catalyzed aromatization leading 1a to 4b (Supporting
Information Scheme S3). The most favorable one is presented
in Figure 10 with the key structures displayed in Figure 11.

The aromatization of 1a begins by replacing a liable MeCN
ligand with substrate la, giving an 18¢ m-complex IM21 at
energetic cost of 11.8 kcal/mol. Subsequently, a 1,2-H transfer
described by TS24 transforms IM21 to a Ru—vinylidene
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Figure 10. Free energy profiles for the 3cat-catalyzed aromatization of ortho-ethynylstyrene la. Energies are relative to 3cat + la and are mass
balanced.
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Figure 11. Key structures for 3cat-catalyzed aromatization of ortho-ethynylstyrene (1a), with selected bond distances given in angstroms (A). Phenyl
groups of the PPh; ligand are omitted for clarity.
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Figure 12. Free energy profiles for 2cat-catalyzed [2 + 2 + 2] dimerization vs aromatization of ortho-ethynylstyrene la. Energies are relative to

2cat + la and are mass balanced.

intermediate IM22.*°7*' The terminal alkyne-to-vinylidene
isomerization reverses the polarities of C* and C’?° as shown
by the changes of NBO charges on C* and C” from IM21 to
IM22 in Figure 10. The polarity reverse makes C* electrophilic
and susceptible to nucleophilic attack. In IM22, the charges on
C* (+0.473¢), C*(—0.193¢), and C° (—0.368¢) suggest that the
C*--C bond formation should be preferred via nucleophilic
attack of C° at C%, which also agrees with the preference of
forming a 6-ring over S-ring. In IM22, the C atom is 4.092 A
apart from C° geometrically improper for the C*—C° bond
formation; thus, IM22 isomerizes to IM23 to make C® proximal
to C* [R(C*—C°) = 3.034 A] to facilitate the nucleophilic
attack. The attack is enabled via TS2S5 and leads to the Ru—
naphthylidene complex IM24. Relative to IM23, the process
crosses a barrier of 8.8 kcal/mol and is downhill by 17.0 kcal/mol.
Subsequently, another 1,2-H shift drives IM24 down to IM25
[a Ru-*(C—H)—naphthalene complex]. The mechanism for
isomerization of IM24 to IM2S is similar to the classical
mechanism transforming a methyl substituted carbene to a
metal-olefin species.®* Replacement of the naphthalene moiety
in IM2S$ with a MeCN ligand liberates the naphthalene product
4b and regenerates the catalyst 3cat. Taking the whole pathway
into account, the rate-determining step is the first 1,2-H
transfer via TS24 with an energy barrier of 24.3 kcal/mol, and
the transformation is highly exergonic by 54.2 kcal/mol. The
pathway in Figure 10 only dissociates one MeCN ligand. We
also explored the scenarios which dissociate two MeCN ligands
from 3cat. However, as shown in Supporting Information
Scheme S3, the pathways have rate-determining barriers
(>40 kcal/mol) much higher than TS24, because the
intermediates and TSs in Figure 10 maintain optimal
coordination mode (see Figure 11), meeting the 18e-rule,
having six coordinations with octahedral arrangements.

3.4.2. Origins for the Selectivity between [2 + 2 + 2]
Cycloaddition and Aromatization. On the basis of the
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mechanism for the aromatization of la to 4b catalyzed by
3cat, we now understand why the aromatization (eq 4) did not
operate in the system 1. Because the 1,2-H transfer via TS24
(Figure 12) is a rate-determining step, we only considered the
1,2-H-transfer pathway for 2cat-catalyzed aromatization of 1a,
as shown in Figure 12 (the full catalytic cycle is given in
Supporting Information Figure S3). TS27 is the rate-
determining 1,2-H transfer TS, corresponding to TS24 in
Figure 9. The barrier for the 1,2-H transfer is 22.4 kcal/mol
relative to 2cat + la, which is even smaller than the 1,2-H
transfer barrier of 24.2 kcal/mol (TS24 relative to 3cat +1a) for
eq 4 (an experimentally realized reaction). However, the 1,2-H
transfer barrier (22.4 kcal/mol, TS27) is higher than the
oxidative coupling barrier (17.6 kcal/mol, TS1’) leading to 1b.
Therefore, the origin for choosing [2 + 2 + 2] dimerization of
la in system 1 is not because the aromatization route is
energetically inaccessible, but because the dimerization process
is more favorable.

Reversely, we further investigated why the [2 + 2 + 2]
dimerization (eq 1) did not occur in Liu et al’s system 4 by
focusing on the rate-determining oxidative coupling step. In the
TS optimizations, we considered various coordination modes of
la to Ru center via replacing 2*MeCN, MeCN + PPh;,
2*MeCN + PPh;, respectively, and coupling modes via the
alkyne—alkyne and alkyne—alkene couplings in either head-to-
head or head-to-tail manner (Supporting Information Scheme S4).
Among the TSs of different scenarios, Figure 13 shows
representatives (TS28, TS29, and TS30) which exemplify the
scenarios of la substitution for 2*MeCN, MeCN + PPh;, and
2*MeCN + PPh;, respectively. The high barriers corroborate
that the [2 + 2 + 2] dimerization of la could not occur in
system 4, which produced 4b via aromatization selectively. The
high barriers can be understood in terms of the geometric and
electronic structures of the TSs in Figure 13. If the PPh; ligand
remains, as described by TS28, the coupling causes severe steric
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Figure 13. Optimized geometries and activation energies for the oxidative coupling TSs TS28, TS29, and TS30, with selected bond distances given
in angstroms (A). Energies are relative to 3cat and are mass balanced.

hindrance among Tp, PPh;, and 1a substrate. If the PPh; ligand pathways are experimentally accessible and energetically
is substituted, as exemplified by TS29 and TS30, because comparable. The reason for the reaction channel not occurring
of the loss of strong electron-donating PPh; ligand, the negative in system 1/2 is because the alkene migratory distal-insertion
charge on Ru center decreases significantly (from —0.329 to with a 2.6/0.1 kcal/mol barrier (see TS2'/TS2 in Figure 1/4,
—0.077 to —0.073¢), which disfavors the oxidative processes, respectively) is extremely easy, which gears IM2'/IM2 to
explaining why the TS29 and TS30 even have higher barrier IM3’/IM3 for reductive elimination, affording product 1b/2b.
than TS28, though they suffer steric hindrance less severely The reductive elimination barriers are less than 7.0 kcal/mol.
than TS28. The mechanism via directly transferring methanol hydroxyl

H to the C% of IM11, which is similar to the reaction of
4. CONCLUSIONS terminal alkynes with carboxylic acids catalyzed by the neutral

RuCp*CI(COD) complex, is not feasible in this cationic
catalytic system. The mechanistic difference between the two
systems can be attributed to the fact that proton in carboxylic
acid is more acidic than that in methanol.

Equation 4 undergoes, via three major stages after la
coordination to 3cat via ligand dissociation, including the
formation of a Ru—vinylidene intermediate (IM22) via 1,2-H
transfer, intramolecular nucleophilic attack to close the 6-ring

In conclusion, we have performed a detalied computational
study to understand the catalytic mechanisms of the four ex-
perimentally realized reactions (eqs 1—4) occurring in the four
systems (systems 1—4), as well as the chemo- and regio-
selectivities involved in these systems.

For eq 2, after generating the active catalyst 2cat, the reaction
procceds via three major stages including oxidative coupling,
migratory insertion, and reductive elimination, in which the ! 5
oxidative coupling is the rate-determining step in the full and form the C—C bond, and 1,2-H S.hlft to a Ru-y (.C__H)_
catalytic cycle. Among the three possible oxidative coupling naphthalene complex (IM25) via an isomerization similar to
modes (CMA, CMB, and CMC in Scheme 2), the CMA mode the classical mechanism of transforming a methyl substituted
(intermolecular alkyne—alkyne coupling) is more favorable than carbene to a metal-olefin species. The first stage of 1,2-H transfer

others by at least 3.5 kcal/mol. Of the distal- and proximal-alkene process is the rate-determining step. Equation 4 reaction did not
migratory insertion modes, the distal-insertion pathway is occur in systems 1 and 2 because the barrier for forming the
preferred. Ru—vinylidene complex is higher than the oxidative coupling
Equation 1 follows a similar mechanism. The oxidative barrier. Equation 1 reaction did not occur in system 4 because the
coupling step for this reaction is also accessible, but less coupling barrier for dimerization is prohibitive (>38.0 keal/mol)
favorable than that in eq 1, explaining why eq 1 did not occur in due to sterically demanding catalysts.
in system 2. The causes for not producing the regioisomers We call particular attention to the important role of the
(1b—r and 2b—r) are becasue (i) the groups beared on the two chameleon-like species (IM2 in eq 2 and IM10 in eq 3, see
carbon atoms coupling together result in severe steric Scheme 5) formed directly via intermolecular alkyne—alkyne
hindrance between substrates and substrates/catalyst, and (ii) oxidative couplings. Their geometric and electronic structures
the steric hindrance distorts the z-conjugation betwen benzene suggest that their reactivity properties could be characterized by
ring and the C=C 7 bond of the coupling substrate, which three resonance structures (Re-A, Re-B, and Re-C). Re-A
destabilize the coupling TSs. describes the features of the classical intermediates involved in
Equation 3 takes place via three stages including oxidative the alkyne—alkene oxidative couplings, Re-B characterizes the
coupling, methanol nucleophilic attack, and hydrogen transfer. mono(carbene) characteristic of the intermediates, and Re-C
The oxidative coupling step is simialr to that in eqs 1 and 2. represents the electrophilicity of the intermediates. The
The oxidative coupling step leads to an intermediate (IM10) properties characterized by the three resonance structures
which then isomerizes to IM13. Both IM10 and IM13 feature open three channels to give isomers for subsequent reaction
electrophilic carbon center for methanol nucleophilc attack, steps. Interestingly, the bis(carbene) intermediates (IMS
leading to two pathways to give 1,3-dienyl ether. The two and IM11) due to Re-B, which are similar to the bis(carbene)
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intermediates generally considered to be crucial in the neutral
RuCp*Cl-catalyzed systems, could be accessed feasibly, but
they are not reactive enough for the subsequent reaction steps.
The aromaticity of these complexes (IMS and IM11)
(partially) contributes their loss of reactivity. The intermediates
(nonaromatic IM3 and IMI13 through Re-A and Re-B,
respectively) continue the subsequent steps. In addition,
IM2/IM10 features an electrophilic center (characterized by
Re-C) and is susceptible to the attack of nucleophiles (e.g.,
methanol). These findings may help to understand not only the
four specific reactions but also for the general [2 + 2 + 2]
cycloaddition.
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